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ABSTRACT Phenotypic diversity can arise rapidly through loss of heterozygosity (LOH) or by the acquisition
of copy number variations (CNV) spanning whole chromosomes or shorter contiguous chromosome
segments. In Candida albicans, a heterozygous diploid yeast pathogen with no known meiotic cycle,
homozygosis and aneuploidy alter clinical characteristics, including drug resistance. Here, we developed
a high-resolution microarray that simultaneously detects 39,000 single nucleotide polymorphism (SNP)
alleles and 20,000 copy number variation loci across the C. albicans genome. An important feature of the
array analysis is a computational pipeline that determines SNP allele ratios based upon chromosome copy
number. Using the array and analysis tools, we constructed a haplotype map (hapmap) of strain SC5314 to
assign SNP alleles to speciﬁc homologs, and we used it to follow the acquisition of loss of heterozygosity
(LOH) and copy number changes in a series of derived laboratory strains. This high-resolution SNP/CGH
microarray and the associated hapmap facilitated the phasing of alleles in lab strains and revealed detri-
mental genome changes that arose frequently during molecular manipulations of laboratory strains. Fur-
thermore, it provided a useful tool for rapid, high-resolution, and cost-effective characterization of changes













Genome changes, such as loss of heterozygosity (LOH) or copy num-
ber variations (CNV), result in rapid and dramatic large-effect changes
inphenotypicdiversity.Tounderstand relationshipsbetweengenotype
and phenotype, one must determine the types of changes that arose
within clonal subpopulations. This includes measuring gene copy
number by array comparative genome hybridization (aCGH) (Hughes
et al. 2000) and determining allele frequencies by using single nucle-
otide polymorphism–restriction fragment length polymorphism
(SNP-RFLP) analysis (Forche et al. 2009b) or using hybridization to
microarrays that can distinguish SNP alleles by their differential hy-
bridization properties (Forche et al. 2005; Gresham et al. 2010).
We use the heterozygous diploid yeast, C. albicans, as a model
system to study genome dynamics. C. albicans is a harmless commen-
sal of the gastrointestinal, genitourinary tract and skin; in hosts with
immune deﬁciencies, it can become a mucosal and/or systemic path-
ogen. Resistance to ﬂuconazole, the most commonly used antifungal
drug, can appear rapidly (Marr et al. 1998; Marr et al. 1997) and poses
a serious challenge to the successful treatment of candidal infections
(Arendrup et al. 2008; Brion et al. 2007; Ruping et al. 2008; Sun and
Singh 2010). Point mutations, homozygosis of speciﬁc resistant alleles,
and aneuploidies can give rise to ﬂuconazole resistance [reviewed in
Niimi et al. (2010)].
Homozygosis of alleles through LOH occurs much more fre-
quently (1026 generations) than point mutations (1029 genera-
tions) (Lang and Murray 2008). LOH events arise through
recombination, repair, and/or chromosome segregation mechanisms
(Andersen et al. 2008). In C. albicans, rates of LOH increase when
cells are exposed to the stress of growth in the host (Forche et al.
2009a) or to physiologically relevant stresses in vitro (Forche et al.
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Volume 1 | December 2011 | 5232011). Despite the fact that LOH causes a decrease in allelic diversity
at the individual cell level, it facilitates adaptation by revealing reces-
sive alleles that might provide a selective advantage under stress con-
ditions. For example, homozygosis of hyperactive alleles of several
genes (e.g. ERG11, TAC1,a n dMRR1) signiﬁcantly enhances the ability
of C. albicans to grow in the presence of ﬂuconazole (Coste et al. 2007;
Morschhauser et al. 2007; White et al. 2002). Notably, adaptive gene
combinations are predicted to form more frequently when recombi-
nation (and thus LOH) rates are higher under stress and lower in the
absence of stress (Hadany and Beker 2003).
C. albicans laboratory strains are primarily derived from clinical
isolate SC5314 (Gillum et al. 1984). As the ﬁrst C. albicans isolate with
a complete genome sequence (Jones et al. 2004), it is the reference
strain used to assemble genome sequences of other isolates (Butler
et al. 2009). It includes, on average, one SNP every 270 bp distributed
through 81% of the genome. Approximately 19% of the genome,
primarily long telomere-proximal domains, is composed of long tracts
of homozygosity (Butler et al. 2009; Jones et al. 2004).
Strain construction in C. albicans often incurs unintended
alterations in chromosome copy number. A major breakthrough in
C. albicans genetics was the construction of strain CAI-4, which lacks
both copies of the counter-selectable marker URA3. However, most
CAI-4 isolates carry at least one aneuploid chromosome (Chr1 and/or
Chr2 trisomy) (Chen et al. 2004; Selmecki et al. 2005). The RM series
of strains (Alonso-Monge et al. 2003), in which both alleles of HIS1
were sequentially deleted, underwent a deletion of the terminal 40
kb of Chr5R distal to the HIS1 locus (Selmecki et al. 2005). Strains that
no longer carry these aneuploidies were derived from RM1000 #2,
a euploid strain that is homozygous for the distal 40 kb of Chr5R
(Selmecki et al. 2005).
Molecular genetics manipulations, including transformation with
DNA and strong counterselection for the excision of markers (e.g.
URA3), changes levels of aneuploidy in laboratory strains (Bouchonville
et al. 2009). Furthermore, in C. albicans, aneuploidy is found in clinical
strains: 50% of ﬂuconazole-resistant strains carry at least one aneuploid
chromosome. Furthermore, aneuploidy can provide a strong selective
advantage with clinical consequences: isochromosome (5L) arose in
several different clinical and in vitro evolution isolates and confers drug
resistance through increased numbers of two genes on Chr5L (Selmecki
et al. 2006, 2008, 2009). Thus, aneuploidy appears to be a rapid and
efﬁcient mechanism used by C. albicans to generate a speciﬁc selective
advantage in the face of strong selective pressure.
To follow large-effect genome changes such as LOH and
aneuploidy, it is critically important to efﬁciently detect genomic
changes at high resolution. SNP-RFLP and PCR-based methods
follow LOH using a small number of SNP markers on each
chromosome arm (Arbour et al. 2009; Forche et al. 2011, 2009b). In
previous work, we established a hapmap with 150-170 markers linked
speciﬁc alleles to chromosomal homologs and identiﬁed some LOH
events in strains that underwent the parasexual cycle or that were
passaged through a mammalian host (Forche et al. 2008, 2009a).
Here, we constructed a microarray that combines 39,000 SNP
alleles (2 SNP alleles/locus) plus 20,000 CGH (non-SNP) loci to
simultaneously assess LOH and CNV events in C. albicans using
commercially available microarrays. Use of this SNP/CGH array, to-
gether with strains carrying homozygous or trisomic heterozygous
chromosomes, allowed us to assemble a hapmap that distinguishes
alleles on each homolog of all eight C. albicans chromosomes. Using
the SNP/CGH array, we ﬁrst determined copy number as a function
of chromosome position and then used that information to analyze
allele ratios across the genome in commonly used C. albicans labora-
tory strains. Importantly, we identiﬁed LOH events that accumulated
sequentially within this series of strains. It appears that, like aneu-
ploidy, increasing degrees of homozygosity incur small, but detectable,
ﬁtness costs.
MATERIALS AND METHODS
Strains and growth media
C. albicans strains used in this study are listed in supporting infor-
mation, Table S1. We used strains previously shown to be homozy-
gous for one or more chromosomes and/or carrying trisomies (Forche
et al. 2008; Legrand et al. 2008) (Figure 1 and Figure S1,A –H). All
strains were grown in rich medium (YPAD) (Guthrie and Fink 1991)
at 30  with shaking.
SNP/CGH microarray design
All probes were designed to be 19 to 33 nt long with melting points
(Tm) near 55  (Gresham et al. 2010). Initially, probes were designed
for 43,658 SNP loci and 28,563 non-SNP loci (including regions that
do not have high frequencies of SNPs). SC5314 is homozygous for
much of ChrRR, Chr3R, and Chr7L as well as for distal portions of
Chr1R, Chr2R, Chr3L, Chr5L, and Chr7R (Butler et al. 2009; Jones
et al. 2004); thus we did not include SNP probes from these segments.
Probes were eliminated if they had more than one signiﬁcant align-
ment (e-value , 0.001) with the reference genome using BLAST
analysis (Altschul et al. 1997). The acceptable Tm range was reduced
to optimize the number of probes to the Agilent 8·60K microarray
format (41,616 SNP allele probes (2 probes per SNP locus, represent-
ing the 2 SNP alleles) plus 20,363 non-SNP (CGH) probes (1 per
locus)). Quality control of the ﬁnal array design resulted in a usable
SNP allele probe count of 39,222. A total of 19,016 SNP loci (97% of
usable SNP loci, Table S2) were informative and were mapped to one
of the two homologs. A total of 595 SNP loci (3% of the usable SNP
loci, Table S3) were not informative and remained unresolved upon
analysis of 24 additional strains (data not shown). These loci likely
represent sequences found more than once in the genome or short
regions of sequence that differed from the published genome sequence.
Analysis of the ﬁnal microarray data was performed for the two
types of probes separately. First, the CGH probe ratios (experimental
relative to diploid reference SC5314) were mapped across the genome
(Figure 3), providing copy number data. Segmentation of CGH data
into regions with a common copy number was done manually or
Figure 1 Homolog genotypes of strains used for hapmap construc-
tion. Strains derived from a parasexual cross (Forche et al. 2008) con-
tained homozygous (“aa” or “bb”) homologs for most or all of ChrR
and Chr2–Chr7 and heterozygous trisomies (“aab” or “abb”) as indi-
cated. Chromosomes indicated with “aab“ or “abb“ were trisomic;
chromosomes designated “ab” were heterozygous along the entire
length of the chromosome. Chromosomes indicated in color were in-
formative for hapmap construction. Chr2 in strain P1 () was homo-
zygous for each homolog along different sections of the chromosome.
Color schemes for allelic fractions are consistent in Figures 1–4.
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each region approximated a normal curve, with the position of the
peak indicating copy number. Ratios of 1.5 (3:2) or 0.5 (1:2) were
considered trisomic (Figure 3, Chr5 and Chr6) or monosomic,
respectively.
Second, SNP allele data for experimental strains were normalized
to data for the heterozygous diploid reference strain SC5314.
Comparison of the hybridization of SNP alleles was used to determine
the allelic fractions for each SNP locus. For a disomic heterozygous
locus, the theoretical allelic fraction is 0.5 (1:1 ratio), and for
a homozygous locus, the theoretical allelic fraction is zero or 1 (0:2
or 2:0 ratio, respectively) (Forche et al. 2005). In practice, the disomic
homozygous SNP ratios diverged from theoretical values by a small
degree (Figure 2B). Allelic fractions were called heterozygous (“ab”)o r
homozygous (“aa” or “bb”) if they were within one standard deviation
of the relevant peak (Figure 2, A vs. B). These calls were then mapped
as a function of genome position and used to determine the ﬁll color
behind the CGH ﬁgures. Homozygous regions were displayed as ma-
genta (“aa”)o rc y a n( “bb”) (Figure 3, Chr2, Chr3, Chr4, and Chr7).
Disomic heterozygous regions were displayed as gray (“ab”). For het-
erozygous chromosomes that were determined to be trisomic by CGH
analysis, the theoretical allelic fractions are 0.33 or 0.67 (1:2 or 2:1
ratios, respectively). In practice, the allelic fractions diverged from
theoretical values by a small degree (Figure 2C) but were found at
the expected 0.33 and 0.67 between the homozygous SNP ratios.
Allelic fractions were called as heterozygous (“aab” or “abb”)i ft h e y
were within one standard deviation of the relevant peak (Figure 2C).
These calls were then mapped as a function of genome position and
used to determine the ﬁll color behind the CGH ﬁgures (Figure 3,
Chr5 and Chr6). Trisomic heterozygous regions were displayed as
purple (“aab”)o rb l u e( “abb”). Chromosome segments with no known
SNPs and/or no SNP probe data remain uncolored.
DNA isolation, labeling, and microarray hybridization
Genomic DNA was prepared from overnight cultures and labeled with
Cy3 or Cy5 thymidine, using Klenow polymerase described in
(Selmecki et al. 2005). Labeled DNA concentrate was diluted to
16 ml with deionized water. An amount of 4.5 ml of Agilent 10·
Figure 2 Assignment of SNPs from allele hybridization ratios. Allelic
fractions were calculated from SNP array hybridization data for each
chromosome in each strain used to construct the hapmap. In each
case, unassigned alleles (left panels with only gray data) were plotted
with the X-axis as the allelic fraction [b/(a+b)] and the Y-axis as the
number of SNP probes, scaled to maximum height of the peaks.
(A) For unassigned alleles on heterozygous chromosomes, a = b and
b/(a+b) = 0.5 (dark black vertical line); probes that fall between the
boundaries (right panel, green lines, values determined as described
in Material and Methods) are considered heterozygous (gray); probes
outside these loci are considered homozygous. (B) For unassigned
alleles on homozygous chromosomes, the allelic fractions were close
to either 0 or 1 (left panel). For alleles on chromosomes previously
designated “aa,” SNP pairs with fractions that fell in the “bb” peak
were reassigned to “aa” (magenta, middle panel), and vice versa for
“bb” alleles (cyan, right panel) using boundaries that were 50% of the
distance between the two peaks in the unassigned data and the het-
erozygous peak location (green lines). (C) For unassigned alleles on
trisomic heterozygous chromosomes, the allelic fractions were close to
0.33 or 0.67 (“aab” or “abb,” respectively, left panel). SNP pairs
with fractions that fell in the “abb” peak were reassigned to “aab”
(purple, middle panel), and vice-versa for “aab” alleles (blue, right
panel). The boundary between the two regions was set at 50% of
the distance between the two peaks (red lines). SNP, single nucleotide
polymorphism.
Figure 3 Visualization of SNP/CGH array data. Data for each strain
analyzed by SNP/CGH array was visualized as illustrated for strain Ps8
(and in Figure S1 and Figure S2 for all other strains). Each chromosome
is illustrated to scale, with its centromere position indicated by an
indentation and major repeat sequence (MRS) positions indicted by
a black square below the chromosome. CGH data were calculated as
ratios, converted to chromosome copy numbers, displayed as black
histograms along the length of the chromosome, and summarized with
a large numeral to the right of the chromosome. For SNP alleles, allelic
fractions for each chromosome are plotted in the left panels. SNP data
were calculated and colored as described in Figure 2. Regions that
were homozygous in the reference strain or were not informative were
not colored. CGH, comparative genome hybridization; SNP, single
nucleotide polymorphism.
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added. Each mixture of Cy3- and Cy5-labeled DNA was treated
according to Agilent standard protocols with incubation for 24 hr at
65 . After incubation, arrays were washed using wash buffers and
acetonitrile solutions per Agilent standard protocols.
Microarrays were scanned as 16-bit TIFF images and analyzed
using “BlueFuse for Microarrays” (BlueGnome, Cambridge). Data
were normalized using Block Lowess method and then analyzed at
two levels of stringency (one with no data excluded; the second, data
excluded when “Quality less than 1; Conﬁdence less than 0.4; PON
Ch1 or Ch2 less than 0.6”). In-house scripts, organized into a data
analysis pipeline, were used to load, process, and display the data and
are available upon request.
Fitness assays
Cells were grown at 30  to saturation in liquid YPAD media, diluted
1:1000 in fresh YPAD media and grown for 18 hr at 30  in a micro-
plate reader (Sunrise model, Tecan). OD600 was measured every
15 min and used for doubling time calculations. Each experiment
included a minimum of six biological replicates for each strain, and
each experiment was repeated independently at least twice. Error bars
reﬂect the standard deviation from the mean and P values were de-
termined by Student t-test (Figure 5).
RESULTS
Construction of a SNP/CGH microarray for efﬁcient,
high-resolution detection of LOH and CNVs
Detection of LOH is facilitated by accurate genotyping of SNP alleles.
Recently, isothermal melting temperature probes were shown to
maximize discrimination of SNP alleles (Gresham et al. 2010), making
them ideal for high-resolution analysis of LOH events. To quickly,
efﬁciently, and simultaneously detect large numbers of LOH and CNV
events in C. albicans, we designed and constructed a custom micro-
array including 39,000 SNP alleles (2 SNP alleles/locus) plus
20,000 CGH (non-SNP) loci (see Materials and Methods for details)
using the Agilent custom array format, which enables simultaneous
analysis of eight sets of 60,000 probes. In initial calibration experi-
ments, we found that the non-SNP oligonucleotides accurately
reported chromosome copy number and that the SNP allele probes
accurately distinguished chromosomes that were known to be hetero-
zygous (Figure 2A) from those known to be homozygous (Figure 2B)
(Forche et al. 2008).
To assign all SNP alleles on each chromosome to a speciﬁc
homolog (“a” or “b”), we used lab strains that are homozygous (“aa”
or “bb”) or trisomic heterozygous (“aab” or “abb”) for speciﬁcc h r o -
mosomes (Figure 1) (Forche et al. 2008; Legrand et al. 2008). A total
of 97% (38,032) of the SNP alleles were assigned to a speciﬁch o m o l o g .
The remaining 3% (1190) remained unmapped, either because the
SNP was not present in the strains analyzed or because the strains
carried multiple SNPs within the locus.
First, we analyzed the CGH loci to determine copy number of
whole chromosomes. Disomic (1:1 ratio) and trisomic (2:1 ratio)
chromosomes were readily distinguishable. We then assigned the SNP
alleles to a given homolog. SNP allele identity (initially arbitrary) was
reassigned to the appropriate homolog using data from disomic ho-
mozygous (“aa” and “bb”) and/or trisomic (“aab” and “abb”)c h r o -
mosomes. For disomic homozygous chromosomes, allelic fractions
close to 0 or 1 were generally observed, although there was slight
variation with each array experiment (Figure 2B). The threshold
was set at 50% of the distance between the homozygous and hetero-
zygous values (Figure 2, A and B, green lines). For chromosomes
previously identiﬁed as homozygous “bb,” the SNP alleles were reas-
signed to “bb” if their ratio fell in the “aa” region, and vice versa. For
Chr1, no disomic homozygous strain was available. Thus, a strain
trisomic and heterozygous for Chr1 (Ss2-l, Figure 1) was analyzed
with the allelic fractions shifted (0.33 or 0.67) (Figure 2C), and the
threshold was set at 50% of the distance between the two peaks (Figure
2C, red lines). SNP alleles were assigned to a homolog using similar
logic to that described above.
SNP/CGH array data collected from eight parasexual progeny
isolates (Figure 1) were used to assign SNP alleles (Figure 2). For each
strain, data were plotted as a function of chromosome position, and
regions of the chromosomes that were informative were shaded to
indicate their allelic content (Figure 3 and Figure S1;s e eMaterials and
Methods).
Analysis of a series of related laboratory strains
Hapmaps are primarily useful for the study of strains that are closely
related to one another. The degree to which C. albicans lab strains
undergo recombination during transformation and subsequent selec-
tion steps has not been determined. Thus, we analyzed the multiply
marked strains BWP17 (Wilson et al. 1999) and SN76 (Noble and
Johnson 2005), as well as several intermediate strains used in their
construction from reference strain SC5314. All strains ultimately were
constructed from CAI-4 (Figure 4), which lacks both copies of the
counterselectable marker URA3. CAF2 (Fonzi and Irwin 1993), an
intermediate in the construction of CAI-4, is a ura3Δ/URA3 strain
derived from SC5314 by transformation (Fonzi and Irwin 1993).
Our analysis of LOH and CNVs in related strains revealed the
history of changes that arose during strain construction. In brief,
approximately 20% of the SC5314 genome is homozygous (Figure 4A)
(Butler et al. 2009; Jones et al. 2004). In CAF2, SNP/CGH analysis
detected an additional 50 kb LOH on Chr7L, which extended the
preexisting region of homozygosity (Figure 4A). In CAI-4, an addi-
tional region of Chr3R (64 kb) was homozygosed (Figure 4A). In both
CAF2 and CAI-4, the LOH event occurred within 12–25 kb of the
centromere. Both of these LOH events are found in all derivatives of
CAI-4. Furthermore, as noted previously (Selmecki et al. 2005), some
CAI-4 isolates (e.g. CAI-4 F2, Figure 4A) have one trisomy (Chr2),
whereas others (e.g. CAI-4 F3, Figure 4A) have two (Chr1 and Chr2).
RM10 (his1Δ/HIS1, ura3ΔΔ) was derived from a CAI-4 isolate by
transformation and subsequent FOA selection; it acquired an LOH
event that spans most of the left arm of trisomic Chr2 (Figure 4A,
1330 kb). RM100 #13 (his1Δ/his1Δ::URA3, ura3ΔΔ) lost one copy of
Chr2, retaining the Chr2R “a” and “b” alleles, and it also lost a portion
(40 kb) of the Chr5R “a” homolog distal to HIS1 (Figure 4A) (Sel-
mecki et al. 2005). These changes were retained in strains RM1000 #6
(Figure 4B, his1ΔΔ, ura3ΔΔ) and BWP17 (Figure 4B, arg4ΔΔ, his1ΔΔ,
ura3ΔΔ). The Chr5R distal, hemizygous region became homozygous
disomic (“b” alleles) in transformant RM1000 #2 (Figure 4C, ura3ΔΔ,
his1ΔΔ)( S e l m e c k iet al. 2005), and this was retained in its derivative
SN76 (Figure 4C, ura3ΔΔ, his1ΔΔ, arg4ΔΔ). Both BWP17 and SN76
underwent two transformations and two counterselections on 5-FOA
to delete both copies of ARG4. BWP17 acquired an additional LOH
on the terminal 30 kb of Chr4R during one of these stages, whereas
the SN76 genotype is indistinguishable from that of RM1000 #2.
Taken together, these results indicate that LOH, like aneuploidy, often
arises during strain constructions involving DNA transformation.
These LOH events generate lab strains that are more homozygous
than SC5314.
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Ultimately, accumulated genomic changes have the potential to affect
the cellular ﬁtness of an organism. Fitness in asexual microorganisms
such as C. albicans is often determined by population doubling time,
although the maximum number of doublings in a population also
plays an important role (Addinall et al. 2011). In yeasts, aneuploidy
often causes reduced ﬁtness [reviewed in Torres et al. (2008)],
although speciﬁc aneuploidies can also confer ﬁtness advantages un-
der selective as well as nonselective conditions (Dunham et al. 2002;
Gresham et al. 2008; Pavelka et al. 2010; Selmecki et al. 2006). To
distinguish between the effects of aneuploidy and LOH on ﬁtness, we
measured the doubling times for SC5314 and its derivatives (Figure 5)
under standard laboratory conditions. Sets of strains with similar
degrees of LOH and different ploidies, as well as sets of strains with
similar ploidies and different degrees of LOH, were compared. Overall,
doubling-time measurements mirrored ﬁtness measurements that incor-
porate the maximum number of doublings in a population (Figure S3).
Strains harboring extra copies of large chromosomes had signif-
icantly increased doubling times compared with a euploid strain with
a similar degree of LOH (Figure 5A, blue). Even very small changes in
ploidy (e.g. truncation of 40 kb from Chr5R) resulted in longer dou-
bling times (Figure 5A, green). Importantly, these strains have essen-
tially identical genome content: RM1000 #6 is hemizygous and RM1000
#2 is homozygous for the terminal portion of Chr5R. A similar differ-
ence in Chr5R and a similar decrease in ﬁtness distinguished BWP17
from SN76 (Figure 5A, red), although we cannot rule out contributions
from the small Chr4R LOH present in BWP17 but not in SN76.
The effects of LOH on ﬁtness are not as well documented, because
high-resolution methods to measure LOH have not been widely
available. Here, we compared the ﬁtness of strains with similar
ploidies and different degrees of LOH [SC5314 and CAF2 (Chr7L);
RM100 #13 and SN76 (Chr2L, Chr3R, Chr5R, and Chr7L)] under
replete growth conditions that should neutralize the contributions of
any auxotrophic markers. Interestingly, larger tracts of homozygosity
correlated with increased doubling time (Figure 5B), but small
increases in homozygosity did not. It is very likely that this is due
to the speciﬁc alleles involved in the LOH tracts rather than the size of
the LOH tract per se.
In C. albicans, ura3Δ/ura3Δ strains exhibit altered morphogenesis
and reduced virulence (Bain et al. 2001; Chen et al. 2003; Noble and
Johnson 2005). Yet in vitro ﬁtness costs have not been determined for
ura3Δ/ura3Δ isolates. Comparison of in vitro growth of two sets of
Figure 4 Genome changes acquired during laboratory strain construction. Summary of SNP/CGH analyses of laboratory strains derived from
SC5314 with chromosome copy number illustrated as black histograms and homolog identity colored as in Figure 3. Each strain is illustrated
horizontally. Strain construction steps proceed from top to bottom. RM100#13 (bottom of A) was the parent for strain lineages in B and C.
Genome changes with successive transformation and counterselection steps are enlarged and/or highlighted: new aneuploidies are highlighted
with green borders; new LOH events are highlighted with yellow borders. Genome changes that were maintained in subsequent strains are
highlighted with black borders. Subﬁgures for strains with italicized names were simulated from available data and SNP/CGH analysis of additional
CAI-4-derived strains. CGH, comparative genome hybridization; LOH, loss of heterozygosity; SNP, single nucleotide polymorphism.
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CAF2; SN76 and SN95), revealed no signiﬁcant change in doubling
time (Figure 5C). Thus, under standard lab conditions, using YPAD
medium supplemented with uridine, the URA3 genotype has no sig-
niﬁcant effect on ﬁtness. In general, aneuploidy and LOH both reduce
ﬁtness in vitro. Importantly, this is likely due to multiple allele-speciﬁc
effects in both cases. Furthermore, the degree to which they affect
ﬁtness likely differs under different growth conditions.
DISCUSSION
Long-range chromosomal changes such as LOH and CNVs confer
large-effect phenotypic variation. Here we describe microarrays that
perform both high-resolution SNP and CGH analysis simultaneously.
When used together with strains that are homozygous or trisomic, this
technology reveals a high-resolution hapmap that allows homolog
phasing of the largely heterozygous C. albicans genome. In addition,
analysis of lab strain construction history revealed increasing levels of
LOH with increasing strain manipulation. We assume that stresses
involved in transformation, as well as the stress of growing on coun-
terselection medium, increases the frequencies of LOH as it increases
aneuploidy (Bouchonville et al. 2009).
Aneuploidy is dynamic and reversible. For example, trisomies can
be lost via nondisjunction, restoring the original genotype or resulting
in whole-chromosome homozygosis. Recombination between trisomic
chromosomes and subsequent chromosome loss can result in large
segmental LOH tracts (e.g. Chr2 in RM10 and its derivatives, Figure
4). Shorter segmental monosomies (e.g. Chr5R terminus in RM100)
can be restored to disomy, but the alleles remain homozygous. Thus,
while aneuploidies can appear and disappear relatively quickly, they
can affect the degree of homozygosity. Thus, aneuploidies can cause
transient or permanent genome changes.
If LOH events occur in aneuploid or euploid strains, the loss of
allelic diversity cannot be reversed without events involving mating or
mutagenesis. Accordingly, lab strains that underwent more manipu-
lations generally have accumulated more LOH events. These LOH
events and aneuploidies do not confer a selective advantage under
standard laboratory conditions. In contrast, aneuploidies and LOH
events found in azole-resistant clinical isolates can provide a clear
selective advantage in the presence of the drug due to speciﬁc gene
contributions (Coste et al. 2007; Selmecki et al. 2008). This is remi-
niscent of the situation in S. cerevisiae, where aneuploidies are usually
detrimental to growth in standard conditions (Pavelka et al. 2010;
Torres et al. 2007) but can provide a selective advantage under some
stress conditions (Pavelka et al. 2010; Rancati et al. 2008) and in some
genetic backgrounds (Hughes et al. 2000).
Paradoxically, despite the stable accumulation of LOH tracts with
sequential exposure to stress, most clinical isolates are largely
heterozygous. This implies that parasexual mating between nonsisters
must occur at a high enough frequency to restore the observed
heterozygosity. Alternatively, selection forces in vivo strongly favor the
survival of strains with more heterozygosity.
Heat shock, which is used to isolate transformants, clearly
promotes aneuploidy (Bouchonville et al. 2009; Hilton et al. 1985).
This may be due to depletion of HSP90 and its cofactor Sgt1, which in
Saccharomyces cerevisiae is required for assembly and stability of cen-
tromere/kinetochore and centrosome complexes (Bansal et al. 2009;
Zhang et al. 2008) and may inﬂuence the incidence of aneuploidy
in that organism. Elevated temperature, such as that in febrile patients
(e.g. 39 ), also results in increased frequencies of LOH (Forche et al.
2011), and thus, the heat shock step in DNA transformations may
Figure 5 In vitro growth of lab strains with different degrees of ploidy
or LOH or with different URA3 copy number. (A) Deviations from dip-
loidy correlate with increased doubling times. Doubling times (min)
were measured for strains with similar degrees of LOH and different
degrees whole-genome ploidy. Blue: CAF2 (2N), CAI-4 F2 [2.16N (2N
+Chr2)] and CAI-4 F3 [2.38 (2N + (Chr1 + Chr2))] Green: RM1000 #2
(2N) and RM1000 #6 (1.997N) have identical genome content but are
homozygous or hemizygous, respectively, for the terminal 40 kb of
Chr5R. Red: SN76 (2N) and BWP17 (1.997N), like the RM1000 strains,
are homozygous and hemizygous for the tip of Chr5R; in addition,
BWP17 acquired a small (30 kb) LOH on Chr4R. Within each group,
all strains are signiﬁcantly different from each other (P , 0.05, Student
t-test). (B) Increases in percentage of the genome that is homozygous
(as indicated on X-axis) correlate with increased doubling times.
SC5314 and CAF2 are not different from each other (+) but are signif-
icantly different from RM100 #13 and SN76 (P , 0.05, Student t-test).
(C) URA3 status does not affect in vitro doubling times in medium
containing uridine. Pairs of strains (teal and purple) with similar ploidies
and similar degrees of LOH that differ by one copy of URA3: SC5314
(URA3/URA3) vs. CAF2 (URA3/ura3Δ), or SN76 (ura3Δ/ura3Δ) vs. SN95
(URA3/ura3)) were not signiﬁcant different in doubling time relative to
one another (+). LOH, loss ofheterozygosity.
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be noted that transformation by electroporation also results in in-
creased aneuploidy (Bouchonville et al. 2009).
Strongselectionpressureappliedtoidentify raretransformantsalso
promotes the appearance of aneuploidy [e.g. on 5-FOA, (Wellington
and Rustchenko 2005)]. LOH rates also increase under the stress of
growth in vivo (Forche et al. 2009a) and in response to ﬂuconazole or
oxidative stress applied in vitro (Forche et al. 2011).
The effects of large aneuploidies, especially extra copies of Chr1
and Chr2, which increase ploidy by 20%, had a more dramatic effect
on doubling time and ﬁtness than the most extensive cumulative LOH
(Figure 5, BWP17 and SN76, homozygous for almost 35% of the
genome). However, because SC5314 is already homozygous for 20% of
the genome, there may be less dynamic range available to detect effects of
LOH on ﬁtness. Importantly, the effect of LOH and aneuploidy on ﬁtness
is likely to vary, depending upon the speciﬁc genes and alleles involved, as
well as on the growth conditions being used to measure ﬁtness.
In summary, we designed and demonstrated the utility of
a combined SNP/CGH array for high-resolution, rapid, and accurate
detection of large-effect genome changes, including both LOH and
CNV events. This array, together with its analysis pipeline, is a useful
and cost-effective tool for characterizing laboratory as well as clinical
strains. Furthermore, this study highlights that whole-genome analysis
of engineered mutants should be performed prior to using such
mutants in critical experiments. This will facilitate the identiﬁcation of
strains with the desired levels of ploidy and heterozygosity. In
addition, the hapmap alleles provided here will greatly facilitate the
phasing of SNPs in commonly used laboratory strains. This is essential
for optimal appreciation of allele speciﬁcity found within next-
generation sequencing data. Clearly, once high-throughput sequencing
and data analysis becomes affordable and accessible to all researchers,
it will obviate the need for array analysis. However, until that time, this
technology and the data pipelines for its analysis are important and
useful tools for the Candida albicans research community.
ACKNOWLEDGMENTS
We thank Anja Forche for helpful discussions of SNP data analysis,
Amnon Koren for assistance in the initial microarray design, Richard
Bennett for providing parasexual progeny strains, Jason Funt for
suggesting the horizontal layout for consecutive isolates in Figure 4,
and Katie Matter for help with manuscript preparation. We thank
Anja Forche, Norman Pavelka, and Pete Magee for helpful comments
on the manuscript. Computational resources for microarray image
analysis were provided by the Minnesota Supercomputing Institute.
This work was supported by National Institute of Allergy and Infec-
tious Diseases (NIAID) Grant R01 AI-0624273 (to J.B.).
LITERATURE CITED
Addinall, S. G., E. M. Holstein, C. Lawless, M. Yu, K. Chapman et al.,
2011 Quantitative ﬁtness analysis shows that NMD proteins and many
other protein complexes suppress or enhance distinct telomere cap de-
fects. PLoS Genet. 7: e1001362.
Alonso-Monge, R., F. Navarro-Garcia, E. Roman, A. I. Negredo, B. Eisman
et al., 2003 The Hog1 mitogen-activated protein kinase is essential in
the oxidative stress response and chlamydospore formation in Candida
albicans. Eukaryot. Cell 2: 351–361.
Altschul, S. F., T. L. Madden, A. A. Schäffer, J. Zhang, Z. Zhang et al.,
1997 Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res. 25: 3389–3402.
Andersen, M. P., Z. W. Nelson, E. D. Hetrick, and D. E. Gottschling,
2008 A genetic screen for increased loss of heterozygosity in Saccha-
romyces cerevisiae. Genetics 179: 1179–1195.
Arbour, M., E. Epp, H. Hogues, A. Sellam, C. Lacroix et al.,
2009 Widespread occurrence of chromosomal aneuploidy following the
routine production of Candida albicans mutants. FEM. Yeast Res. 9:
1070–1077.
Arendrup, M. C., G. Garcia-Effron, W. Buzina, K. L. Mortensen, N. Reiter
et al., 2008 Breakthrough Aspergillus fumigatus and Candida albicans
double infection during caspofungin treatment: laboratory characteristics
and implication for susceptibility testing. Antimicrob. Agents Chemother.
53: 1185–1193.
Bain, J. M., C. Stubberﬁeld, and N. A. Gow, 2001 Ura-status-dependent ad-
hesion of Candida albicans mutants. FEMS Microbiol. Lett. 204: 323–328.
Bansal, P. K., A. Nourse, R. Abdulle, and K. Kitagawa, 2009 Sgt1 dimer-
ization is required for yeast kinetochore assembly. J. Biol. Chem. 284:
3586–3592.
Bouchonville, K., A. Forche, K. E. S. Tang, A. Selmecki, and J. Berman,
2009 Aneuploid chromosomes are highly unstable during DNA trans-
formation of Candida albicans. Eukaryot. Cell 8: 1554–1566.
Brion, L. P., S. E. Uko, and D. L. Goldman, 2007 Risk of resistance associated
with ﬂuconazole prophylaxis: systematic review. J. Infect. 54: 521–529.
Butler, G., M. D. Rasmussen, M. F. Lin, M. A. S. Santos, S. Sakthikumar et al.,
2009 Evolution of pathogenicity and sexual reproduction in eight
Candida genomes. Nature 459: 657–662.
Chen, X., B. B. Magee, D. Dawson, P. T. Magee, and C. A. Kumamoto,
2003 Chromosome 1 trisomy compromises the virulence of Candida
albicans. Mol. Microbiol. 51: 551.
Coste, A., A. Selmecki, A. Forche, D. Diogo, M.-E. Bougnoux et al.,
2007 Genotypic evolution of azole resistance mechanisms in sequential
Candida albicans isolates. Eukaryot. Cell 6: 1889–1904.
Dunham, M. J., H. Badrane, T. Ferea, J. Adams, P. O. Brown et al.,
2002 Characteristic genome rearrangements in experimental evolution
of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 99: 16144–16149.
Fonzi, W. A., and M. Y. Irwin, 1993 Isogenic strain construction and gene
mapping in Candida albicans. Genetics 134: 717–728.
Forche, A., D. Abbey, T. Pisithkul, M. A. Weinzierl, T. Ringstrom et al.,
2011 Stress alters rates and types of loss of heterozygosity in Candida
albicans. mBio 2: e00129-11.
Forche, A., K. Alby, D. Schaefer, A. D. Johnson, J. Berman et al., 2008 The
parasexual cycle in Candida albicans provides an alternative pathway to
meiosis for the formation of recombinant strains. PLoS Biol. 6: e110.
Forche, A., P. T. Magee, A. Selmecki, J. Berman, and G. May,
2009a Evolution in Candida albicans populations during a single pas-
sage through a mouse host. Genetics 182: 799–811.
Forche, A., M. Steinbach, and J. Berman, 2009b Efﬁcient and rapid iden-
tiﬁcation of Candida albicans allelic status using SNP-RFLP. FEM. Yeast
Res. 9: 1061–1069.
Forche, A., G. May, and P. T. Magee, 2005 Demonstration of loss of het-
erozygosity by single-nucleotide polymorphism microarray analysis and
alterations in strain morphology in Candida albicans strains during in-
fection. Eukaryot. Cell 4: 156–165.
Gillum, A. M., E. Y. Tsay, and D. R. Kirsch, 1984 Isolation of the Candida
albicans gene for orotidine-59-phosphate decarboxylase by complemen-
tation of S. cerevisiae ura3 and E. coli pyrF mutations. Mol. Gen. Genet.
198: 179–182.
Gresham, D., B. Curry, A. Ward, D. B. Gordon, L. Brizuela et al.,
2010 Optimized detection of sequence variation in heterozygous ge-
nomes using DNA microarrays with isothermal-melting probes. Proc.
Natl. Acad. Sci. USA 107: 1482–1487.
Gresham, D., M. M. Desai, C. M. Tucker, H. T. Jenq, D. A. Pai et al.,
2008 The repertoire and dynamics of evolutionary adaptations to con-
trolled nutrient-limited environments in yeast. PLoS Genet. 4: e1000303.
C. Guthrie, and G. R. Fink (Editors), 1991 Guide to Yeast Genetics and
Molecular Biology. Academic Press, Inc., San Diego.
Hadany, L., and T. Beker, 2003 On the evolutionary advantage of ﬁtness-
associated recombination. Genetics 165: 2167–2179.
Hilton, C., D. Markie, B. Corner, E. Rikkerink, and R. Poulter, 1985 Heat
shock induces chromosome loss in the yeast Candida albicans. Mol. Gen.
Genet. 200: 162–168.
Volume 1 December 2011 | SNP/CGH Microarrays for Candida albicans | 529Hughes, T. R., C. J. Roberts, H. Dai, A. R. Jones, M. R. Meyer et al.,
2000 Widespread aneuploidy revealed by DNA microarray expression
proﬁling. Nat. Genet. 25: 333–337.
Jones, T., N. A. Federspiel, H. Chibana, J. Dungan, S. Kalman et al.,
2004 The diploid genome sequence of Candida albicans. Proc. Natl.
Acad. Sci. USA 101: 7329–7334.
Lang, G. I., and A. W. Murray, 2008 Estimating the per-base-pair mutation
rate in the yeast Saccharomyces cerevisiae. Genetics 178: 67–82.
Legrand, M., A. Forche, A. Selmecki, C. Chan, D. T. Kirkpatrick et al.,
2008 Haplotype mapping of a diploid non-meiotic organism using ex-
isting and induced aneuploidies. PLoS Genet. 4: e1.
Marr, K. A., C. N. Lyons, T. R. Rustad, R. A. Bowden, T. C. White et al.,
1998 Rapid, transient ﬂuconazole resistance in Candida albicans is as-
sociated with increased mRNA levels of CDR. Antimicrob. Agents Che-
mother. 42: 2584–2589.
Marr, K. A., T. C. White, J. A. van Burik, and R. A. Bowden,
1997 Development of ﬂuconazole resistance in Candida albicans caus-
ing disseminated infection in a patient undergoing marrow transplanta-
tion. Clin. Infect. Dis. 25: 908–910.
Morschhauser, J., K. S. Barker, T. T. Liu, B. W. J. Bla, R. Homayouni et al.,
2007 The transcription factor Mrr1p controls expression of the MDR1
efﬂux pump and mediates multidrug resistance in Candida albicans. PLoS
Pathog. 3: e164.
Myers, C. L., M. J. Dunham, S. Y. Kung, and O. G. Troyanskaya,
2004 Accurate detection of aneuploidies in array CGH and gene ex-
pression microarray data. Bioinformatics 20: 3533–3543.
Niimi, M., N. A. Firth, and R. D. Cannon, 2010 Antifungal drug resistance
of oral fungi. Odontology 98: 15–25.
Noble, S. M., and A. D. Johnson, 2005 Strains and strategies for large-scale
gene deletion studies of the diploid human fungal pathogen Candida
albicans. Eukaryot. Cell 4: 298–309.
Pavelka, N., G. Rancati, J. Zhu, W. D. Bradford, A. Saraf et al.,
2010 Aneuploidy confers quantitative proteome changes and pheno-
typic variation in budding yeast. Nature 468: 321–325.
Rancati, G., N. Pavelka, B. Fleharty, A. Noll, R. Trimble et al.,
2008 Aneuploidy underlies rapid adaptive evolution of yeast cells de-
prived of a conserved cytokinesis motor. Cell 135: 879–893.
Ruping, M. J., J. J. Vehreschild, and O. A. Cornely, 2008 Patients at high
risk of invasive fungal infections: when and how to treat. Drugs 68: 1941–
1962.
Selmecki, A., S. Bergmann, and J. Berman, 2005 Comparative genome hy-
bridization reveals widespread aneuploidy in Candida albicans laboratory
strains. Mol. Microbiol. 55: 1553–1565.
Selmecki, A., A. Forche, and J. Berman, 2006 Aneuploidy and isochromo-
some formation in drug-resistant Candida albicans. Science 313: 367–370.
Selmecki, A., M. Gerami-Nejad, C. Paulson, A. Forche, and J. Berman,
2008 An isochromosome confers drug resistance in vivo by ampliﬁca-
tion of two genes, ERG11 and TAC1. Mol. Microbiol. 68: 624–641.
Selmecki, A. M., K. Dulmage, L. E. Cowen, J. B. Anderson, and J. Berman,
2009 Acquisition of aneuploidy provides increased ﬁtness during the
evolution of antifungal drug resistance. PLoS Genet. 5: e1000705.
Sun, H.-Y., and N. Singh, 2010 Characterisation of breakthrough invasive
mycoses in echinocandin recipients: an evidence-based review. Int. J.
Antimicrob. Agents 35: 211–218.
Torres, E. M., T. Sokolsky, C. M. Tucker, L. Y. Chan, M. Boselli et al.,
2007 Effects of aneuploidy on cellular physiology and cell division in
haploid yeast. Science 317: 916–924.
Torres, E. M., B. R. Williams, and A. Amon, 2008 Aneuploidy: cells losing
their balance. Genetics 179: 737–746.
Wellington, M., and E. Rustchenko, 2005 5-Fluoro-orotic acid induces
chromosome alterations in Candida albicans. Yeast 22: 57–70.
White, T. C., S. Holleman, F. Dy, L. F. Mirels, and D. A. Stevens,
2002 Resistance mechanisms in clinical isolates of Candida albicans.
Antimicrob. Agents Chemother. 46: 1704–1713.
Wilson, R. B., D. Davis, and A. P. Mitchell, 1999 Rapid hypothesis testing
with Candida albicans through gene disruption with short homology
regions. J. Bacteriol. 181: 1868–1874.
Zhang, M., M. Botër, K. Li, Y. Kadota, B. Panaretou et al., 2008 Structural
and functional coupling of Hsp90- and Sgt1-centred multi-protein
complexes. EMBO J. 27: 2789–2798.
Communicating editor: R. B. Brem
530 | D. Abbey et al.